Morphological, compositional, and biological evidence indicates the presence of numerous well-developed microbial hyphae structures distributed within four different sample splits of the Nakhla meteorite obtained from the British Museum (allocation BM1913,25). By examining depth profiles of the sample splits over time, morphological changes displayed by the structures were documented, as well as changes in their distribution on the samples, observations that indicate growth, decay, and reproduction of individual microorganisms. Biological staining with DNA-specific molecular dyes followed by epifluorescence microscopy showed that the hyphae structures contain DNA. Our observations demonstrate the potential of microbial interaction with extraterrestrial materials, emphasize the need for rapid investigation of Mars return samples as well as any other returned or impactor-delivered extraterrestrial materials, and suggest the identification of appropriate storage conditions that should be followed immediately after samples retrieved from the field are received by a handling/curation facility. The observations are further relevant in planetary protection considerations as they demonstrate that microorganisms may endure and reproduce in extraterrestrial materials over long (at least 4 years) time spans. The combination of microscopy images coupled with compositional and molecular staining techniques is proposed as a valid method for detection of life forms in martian materials as a first-order assessment. Time-resolved in situ observations further allow observation of possible (bio)dynamics within the system.
INTRODUCTION F
UELED BY RECENT DISCOVERIES delivered by NASA's Mars Exploration Rovers (e.g., Klingelhöfer et al., 2004; Morris et al., 2004; ) and ESA's MarsExpress (e.g., Bibring et al., 2004; Lundin et al., 2004; Neukum et al., 2004; Titus, 2004; Langevin et al., 2005; Murray et al., 2005) , and further augmented by previous debates on life from Mars within meteorites (McKay et al., 1996) , planetary exploration has experienced a renaissance of the drive to search for evidence of life on Mars. This is exemplified by an increasing interest in anticipated sample return missions from the martian surface and robotic life detection missions such as ESA's planned ExoMars (Vago et al., 2005 ) and NASA's Astrobiology Field Laboratory concept (Beaty et al., 2005) . This challenging technological and scientific endeavor-the search for evidence of life on Marsrequires careful consideration of aspects relevant to life detection, regardless of whether through remotely operated robots or the analysis of samples returned to laboratories on Earth. Critical aspects in life detection efforts on extraterrestrial planetary materials are tightly associated with our ability to identify possible evidence of life and, further, distinguish indigenous life from terrestrial contamination. Critical issues for life detection experiments in extraterrestrial materials are: What are the detection limits needed? Can we recognize unusual (or even unknown/undescribed) biological structures? Can terrestrial microbial life find a niche within extraterrestrial and/or meteoritic material? What are time spans that "simple" life could survive in such materials under any given condition? Finding answers to these questions is paramount with regard to preparation for the upcoming challenges and will require honing techniques and our understanding. One of the many possible approaches to help find these answers is to study extraterrestrial materials on hand, i.e., meteorites, and examine them over time to characterize the biodynamics of such materials and thereby enhance our knowledge of their potential for habitability.
With respect to the future focus on Mars exploration, martian meteorites represent suitable examples of materials to be studied for life detection purposes. An exemplifying study emphasizing the difficulties associated with this research was presented by McKay et al. in 1996 on evidence of possible relic biogenic activities in martian meteorite ALH84001 (McKay et al., 1996) . Multiple arguments were provided, each of which taken on its own would not be proof of relic biogenic activity, but taken together, these arguments were interpreted as possibly indicating evidence of life. The publication of these observations prompted intense and persistent scientific discussions and extended research efforts within the scientific community, which led to numerous follow-on publications that sought to augment or attack each of these initial lines of evidence (e.g., Frankel and Buseck, 2000; Golden et al., 2000 Golden et al., , 2002 Golden et al., , 2004 Thomas-Keprta et al., 2000 , 2001 Treiman, 2000) . It should be noted, however, that the argument of biogenically produced magnetites still stands as a possible indicator of biogenicity (e.g., Gibson et al., 2001; ThomasKeprta et al., 2002; Toporski and Steele, 2004 ). Reports on possible bacteria associated with secondary minerals (McKay et al., 1999) and recent discoveries of in situ carbonaceous matter in Nakhla Gibson et al., 2006) have not unambiguously been confirmed as resulting from the presence of martian life.
As with Tatahouine (Gillet et al., 2000) and the martian meteorite ALH84001 (Steele et al., 2000a) , Nakhla has previously been shown to be contaminated with what was interpreted as terrestrial microbiota of unknown origin and identity (Toporski et al., 1999 Whitby et al., 2000; Steele et al., 2001; Toporski, 2001) . In these initial studies, a depth profile through the same allocation of Nakhla as discussed in this paper was investigated. The allocation consists of four samples, which include one from the fusion crust (N45), one from just underneath the fusion crust (N46), one midway through the meteorite (N47), and one from the center (N48) of the meteorite. The Nakhla samples were investigated with the use of scanning electron microscopy (SEM) coupled with energy dispersive x-ray (EDX) spectroscopy. Although strongly suggesting the presence of unidentified filamentous microbial organisms, the interpretations of these initial investigations were considered to be controversial because the conclusive demonstration of the biogenicity, not to mention the exact identity, of the observed structures remained difficult. We therefore aimed to demonstrate that the observed structures exhibited a change over time, inconsistent with any interpretation of their origin other than biogenic.
The presence of organic substances in Nakhla and other meteorites (e.g., polycyclic aromatic hydrocarbons, amino acids, and aliphatic hydrocarbons) has previously been demonstrated, which suggests that the abundance of these substances may partially be indigenous and partially be a result of contamination from their respective terrestrial environments (Bada et al., 1998; Wright et al., 1998; Flynn et al., 1999; Glavin et al., 1999; Wirick et al., 2004) . Glavin et al. (1999) concluded that most of the amino acids in Nakhla were de-
TOPORSKI AND STEELE 390
rived from terrestrial sources, probably bacteria. Jull et al. (2000) argued, by way of carbon isotope data, that 75% of the carbon inventory in Nakhla was martian in origin, with terrestrial contamination representing the other 25%. However, though these authors considered terrestrial microbiological activities as a possible source for their findings, no evidence of actual organisms or associated structures was provided. This indicates a gap in the research completed thus far on Nakhla, and as with other meteorites, there is a lack of data positively identifying the sources of the observed contaminant organic matter, such as potential microbial contaminants.
The results of the study presented here are a continuation of our initial observations after a time period of approximately 4 years on the identical samples described in those previous studies (Toporski et al., 1999 Steele et al., 2001) . We used SEM observations (together with EDX for elemental composition) to monitor morphological changes, possible microscopic alterations, and lateral distribution on the sample surface, in combination with epifluorescence microscopy to test for the possible presence of DNA.
MATERIALS AND METHODS
As noted, the studied samples are identical to those described in Toporski et al. (1999) and Steele et al. (2001) , and include four samples of the Nakhla meteorite from the allocation BM1913,25. The sample was presented to the British Museum in 1913, 2 years after the fall, and little is known of the history of these samples during that period. The sample was considered one of the best examples of this meteorite as it contained an intact fusion crust, though at the microscale, that fusion crust is compromised by numerous small cracks and holes (Toporski et al., 1999) (http://www-curator.jsc.nasa.gov/curator/ antmet/mmc/nakhla.pdf [compiled by C. Meyer, 2004] ). The Nakhla samples, upon receipt, were taken from the sealed sample containers in laminar flow conditions and placed into sterile containers. Small pieces of each sample were immediately mounted onto aluminum mounts using carbon tape for SEM investigation. All handling instruments that were to come into contact with the meteorite were subjected to alcohol flame sterilization. The samples were Au/Pd-sputtercoated for 45 s (approximately 7-nm coating). A number of sample fragments from each sample were taken for other investigations ; those analyzed by time of flight-secondary ion mass spectrometry (ToF-SIMS) (Toporski, 2001) were also further examined by SEM. These sample fragments were mounted in sterile indium foil for the ToF-SIMS investigation and subsequently Au/Pd-sputter-coated for 45 s Toporski, 2001) .
Approximately 48 h after removal from the vials used for transportation, all samples were imaged using a JEOL (Tokyo, Japan) SM 6100 electron microscope fitted with a light element EDX analyzer (Link Analyser 10/85); this was taken as the first time step (t ϭ 0 months). For the second time step, after approximately 3 months (t ϭ 3 months), a Philips (Hillsboro, OR) XL 40 field emission gun scanning electron microscope was used for high-resolution studies, and for the third time step, after approximately 48 months (t ϭ 48 months), a JEOL JSM 6500F field emission gun scanning electron microscope was used at 15 kV acceleration voltage and an EDAX (Marlborough, MA) Genesis system for EDX analyses.
During the time spans between investigations, the samples were stored in a dark and dry place within SEM sample storage containers (Ted Pella Inc., Redding, CA) at room temperature. No further sample preparation was performed prior to the later SEM and EDX investigations (t ϭ 3 and 48 months).
Samples of the Antarctic Timber Peaks cryptoendolithic communities, provided by David Wynn-Williams (British Antarctic Survey, Cambridge, UK), were prepared for SEM in the same manner as the Nakhla samples. These rock samples, which contain known organisms, provided a control for the meteorite study. These samples were collected in the 1999 field season in Antarctica and imaged immediately upon receipt back in the laboratory in the same year.
Following SEM investigations after the t ϭ 48 months time step, the sample N46 was prepared for epifluorescence microscopy. A combination of acridine orange (AO) (Fisher Scientific, Hampton, NH) (1 mg/ml) and 4Ј,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA) (1 mg/ml) was prepared following the manufacturer's instructions and applied to the samples. Both molecular dyes react specifically to DNA within cells. The stains were pipetted onto the sample, left to bind for approximately 5 min in the dark, and then rinsed with sterile distilled wa-ter followed by air-drying in a laminar flow cabinet. Furthermore, a sample of Nakhla was inoculated with 1 l of a 10 8 culture of Escherichia coli to ascertain possible mineral interference during epifluorescent studies and, therefore, whether fluorescence staining was a viable technique for these samples. Examination of the samples was conducted using an Olympus (Center Valley, PA) BX61 epifluorescence microscope with suitable fluorescence filters (AO, excitation at 490 nm and emission at 530 and 640 nm; DAPI, excitation at 372 nm and emission at 456 nm) and equipped with Soft Imaging Systems Analysis version 5 image analysis software, which contained image stacking and deconvolution software. Deconvolution was used to remove light from outside the focal plane of interest, thus removing light noise usually associated with epifluorescence microscopy.
RESULTS
Initial SEM investigations (t ϭ 0 months) showed that all four samples contained filamentous structures that resembled hyphae-forming microorganisms ( Fig. 1) . Figure 1a shows a filamentous structure (filament diameter approximately 0.7 m) that originates from a spore-like spherical object on the fusion crust of the meteorite. Figure 1b-d shows filamentous microorganisms that form both substrate and aerial hyphae and protrude from the substrate (Holt et al., 1994) . These organisms exhibit hyphae diameter of 0.2-0.3 m, i.e., they are considerably smaller than the features observed on the fusion crust sample (Fig. 1a) . Figure 1b shows filamentous hyphae-like structures that protrude from the surface and flattened, possibly inactive and decaying filaments on the mineral substrate (arrows). Attachment of the structure shown in Fig. 1c appears to be aided by a polymeric substance between the filament and mineral surface. Each image comes from progressively deeper samples into the meteorite, with Fig. 1d obtained from sample N48 at the center of the meteorite. This image shows that small filaments grow through cracks wide enough to contain their diameter, which allows for penetration to the very center of the meteorite. Initial EDX analysis has shown that carbon is associated with these structures (Toporski et al., 1999 Steele et al., 2001) . on sample surfaces (t ϭ 48 months). The comparison of the filamentous structures in Fig. 2b (N48; t ϭ 0 months) and a sample with recent cryptoendolithic communities (Edwards et al., 1997) from the Timber Peak range in Antarctica (Fig. 2c) shows close morphological resemblance and illustrates the similarity of the observed structures in Nakhla with those of definite biogenic origin. Figure 2d shows an array of submicron filaments that project from a spherical, spore-like object. Some of these filaments show terminal end swellings characteristic of commencing growth of fruiting bodies in bacterial species such as Hyphomicrobium sp. (Fig. 2e) (Holt et al., 1994; K. Nealson, personal communication) , though smaller in size. Figure 2f shows a branching micron-sized filament that partly terminates at a mineral grain and partly continues growth over the mineral underlying mineral edge (flattened, see arrow; t ϭ 0 months). The number, size, and lateral growth characteristics of these filaments are in contrast to those seen in Fig. 2d . Figure 2g (t ϭ 3 months) shows submicron filaments that radiate and branch away from a central thicker filament. Some of the filaments demonstrate a diameter in the order of only 100 nm. In other places, filaments are seen to bundle together, with some filaments appearing flattened and some in close association with the underlying mineral surface (Fig. 3) . Small filaments can be seen to emerge from cracks and fissures that are around 100 nm in size (Fig. 3) . This shows that filaments are penetrating through the rock fabric, an observation that cannot be explained if those structures were of nonbiological origin (see Discussion) . Figure 3 illustrates a phenomenon seen across all samples, namely, that previously observed structures upon revisiting at t ϭ 0 months (Fig. 3a) , t ϭ 3 months (Fig. 3b) , and t ϭ 48 months (Fig. 3c) show changes in morphology. Between t ϭ 0 months and t ϭ 3 months, the filament indicated by the arrow in Fig. 3b has grown across an intervening gap in the mineral matrix by approximately 10 m. Growth has ceased in the time span between t ϭ 3 months and t ϭ 48 months, and the same extended filaments appear to be disrupted (Fig. 3c, inset, arrow) . Figure 3b , inset (t ϭ 3 months) and the same area marked by a black box in Fig. 3c (t ϭ 48 months) show details of identical areas of the structure where microscopic alteration of the surface texture can be observed. Although quantification was difficult, it became apparent from these timeresolved observations that the overall number of such structures on all samples increased over the time span t ϭ 3 months to t ϭ 48 months.
All structures in Figs. 1-3 contain carbon as illustrated in Fig. 4 , which shows several spherical, spore-like structures with radiating filaments/hyphae similar to that shown in Fig. 2d . EDX mapping on these structures shows an increased signal for C and O, whereas Si is depleted relative to the mineral substrate (Fe, Ca, Si; Fig.   TOPORSKI AND STEELE  394   FIG. 3 . Growth and decay of fungal contaminants within Nakhla: taken at (a) t ϭ 0 months, (b) t ϭ 3 months, and (c) t ϭ 48 months. The hyphae at 3 months showed expansion and growth compared to t ϭ 0 months. At t ϭ 48 months the hyphae have stopped growing and are disrupted (white frame). The black frame shows areas of surface alteration as in (b). Scale bar in (a) ϭ 10 m. 4) . No other major elements were associated with these structures. Figure 5 shows epifluorescence images after staining the sample N46 with AO ( Fig. 5a ; a, inset; and d) and DAPI ( Fig. 5b and c) . Both AO and DAPI stained a range of morphological structures, including filamentous structures, some of which were radiating from coccoidal foci, similar to those observed with the use of SEM. Rodshaped and isolated nonfilamentous cocci were observed in epifluorescence microscopy, though these were not observed with the use of SEM. Figure 5d shows a fragment of Nakhla that was spiked with Bacillus subtilis to demonstrate that this imaging technique can be applied to these samples and produce meaningful results that are not influenced by nonspecific binding of the dye.
DISCUSSION AND CONCLUSIONS
This study was initiated immediately after receipt of the samples from the NASA Johnson Space Center curation facilities in 1998. The meteorite fragments were distributed in standard aluminum sample vials sealed in Teflon ® (DuPont, Wilmigton, DE) bags. The initial set of SEM observations showed that, on fragments of all four samples (fusion crust to center of the meteorite), 100-nm-3-m filaments were present. The features observed on Nakhla showed a range of morphological characteristics. These are summarized and compared in Table 1 considered to be man-made fibers or of mineralogical and microbiological origin. We argue that the filaments on Nakhla are of biogenic origin as it appears unlikely that mineralogical or man-made fibers could contain all attributes of the observed filament characteristics. Fibrous carbon-containing filamentous materials that could be present from non-man-made sources are carbon nanotubes (not described in Nakhla), or abiological carbon-containing filaments such as kerites (Yushkin, 2000) . Carbon nanotubes are extremely unlikely to be present in these samples and would have to bunch together considerably to form the observed structures. They also do not tend to exhibit growth from spherical spore-like bodies, or grow and extend through cracks in the mineral matrices (Figs. 1 and 3) . The abiological explanation of kerites sets a temperature of 250°C and a pressure of 20 MPa, conditions for which there is no indication that they were present in the original meteorite sample, as the meteorite does not show evidence of sustained high temperatures or high pressures (Shuster and Weiss, 2005) --nor did these conditions occur during the t ϭ 0 months and all later time steps in this study. Clays may form filamentous structures but do not grow through cracks, grow from spherical spore-like bodies, branch in random patterns, or show any significant carbon contents. Some clays of the smectite group (e.g., saponite, montmorillonite, laponite) and vermiculite may trap AO and DAPI (e.g., Yariv et al., 1989; Yariv, 1997a,b, 1999) . Clays have been described in Nakhla; however, these particular clays do not exhibit any other morphological features that resemble the observed filaments (Gooding et al., 1991; Rost et al., 2005) .
From the above reasoning, we conclude that there are, and have been for a period of time preceding our reception of the samples, filamentous organisms growing within and through this allocation of Nakhla. This is augmented by epifluorescence microscopy investigations with DNAspecific fluorescent dyes that demonstrated the presence of DNA associated with micron-sized objects on mineral surfaces (Fig. 5) . The fluorescent structures observed in Fig. 5c (arrows) relate closely in morphology and arrangement to what is shown in Fig. 4a : two micron-sized coccoidal objects with protruding thin threads connecting each other. Figure 5c further shows that cracks in the minerals are not stained, which indicates that the fluorescent filamentous structures do not represent morphological features in the sample. Control images obtained before staining did not show the presence of the filamentous and coccoidal morphologies found after staining. The filamentous organisms can be grouped into two classes: (1) micron-sized, branching hyphae that grow singly from spore-like spherical bodies and (2) submicron-sized hyphae that may or may not be associated with a spherical spore body that produces numerous filaments.
Initial criteria, which suggested an interpretation whereby the observed structures were perceived to be of biological origin, were based on TOPORSKI AND STEELE 396 structural information and qualitative compositional information (Toporski et al., 1999 Toporski, 2001) . The mostly filamentous structures displayed features such as variation in diameters, which may be indicative of different species or different groups of organisms, i.e., fungi and filamentous bacteria. Clearly, the size of the filaments in Nakhla fall in the size range typical of filamentous microorganisms (Sykes and Skinner, 1973; Alexopoulos et al., 1996) , with some filaments exhibiting hyphae diameter as small as approximately 100 nm (Figs. 2 and 3 ) Toporski, 2001) . Although these submicron cell diameters approach the lower cell diameter limit (Benner, 1999; Kajander et al., 1999) , they may be evidence of response to oligotrophic conditions (Adams, 1999) , or they may be fungal penetration hyphae (Sterflinger, 2000) . The similarity between the Nakhla and Antarctic cryptoendolithic organisms ( Fig. 2b and c) provides additional support for the interpretation that the structures observed on Nakhla are of biogenic origin. The Nakhla structures show further morphological characteristics of filamentous microorganisms (Madigan et al., 2000) by way of (1) branched and unbranched hyphae ( Fig.  2f and g ), (2) the formation of both straight and curled hyphae , and (3) changes in morphology ( Fig. 3) . The association of what appear to be polymeric substances to support cell attachment (Fig. 1c) and their occurrence in bundles together with flattened, collapsed, and tubular filaments (Figs. 1b and 3 ) suggest that they are biogenic in nature. The interpretation of the structures as biogenic is further supported by the fact that carbon is associated with all of the filaments imaged (Fig.  4) (Toporski et al., 1999 Toporski, 2001) . Carbonates, as alternative carbon-containing phases, are not known to exhibit the morphological characteristics witnessed in these filaments. Filamentous microorganisms have been reported to live in rocks, e.g., cryptoendolithic communities (Wynn-Williams, 1996) , and spread through cracks and fissures (Sterflinger, 2000) , as observed in fragments from the interior of the meteorite (Figs. 1d and 3) . As the quality of some initial electron micrographs (t ϭ 0 months) in our initial study was dissatisfying (Fig. 3a) , SEM imaging studies were repeated, and observations of changes in morphology of some structures were made at t ϭ 3 months, which strengthened the interpretation that these structures are biogenic Toporski, 2001) and emphasized the potential for microbial growth in rocks. The observed organisms are considered endolithic, as the internal fragments of the sample allocation show the presence of microbiota. The timing of their introduction to Nakhla is unclear; however, their introduction during sample preparation can be ruled out, as all steps were carried out in laminar flow conditions and with sterile tools. The growth events must have occurred in that time period between initial sample preparation and 3 months thereafter. From our observation, it appears that these particular organisms did not continue or resume growth, as after approximately 48 months the filaments showed evidence of decay (Fig. 3c) . Other organisms have occurred on the sample surfaces, and already present organisms have spread across the sample. To afford a quantitative assessment of organism density and exact distribution across the depth profile (or even within one sample) was not possible, as no information of organisms inside cracks and fissures of the samples could be obtained. The mechanisms by which the organisms spread across the sample in those conditions remain unclear, as undeniable evidence of active sporulation by these organisms could not be demonstrated. The sole evidence indicating sporulation is the presence of filaments shown in Fig. 2e , which exhibit thickening at their terminal ends that may be related to budding prior to spore formation in organisms such as Hyphomicrobium (Garrity, 2005) . A surprising aspect of this study is that, though no standard biological preparation methods (fixation, dehydration) were applied, we were able to examine the hyphael filaments several times in analytical vacuum instruments such as SEM and ToF-SIMS (Toporski, 2001) . Even after Au coating, growth and spread of the organisms occurred, and no effect other than filament vibration under the electron beam was observed during imaging (Fig. 2b) .
Cracks and fissures in the meteorite as small as 100 nm (Fig. 3 ) allow organisms to infiltrate and spread through the meteorite. The same pathway may have allowed, over time, the infiltration of nutrients required for microbial growth, though the contaminants may have had, and may still have, the ability to metabolize nutrients indigenous to the meteorite. Banfield and Hamers (1997) reported that at least a monolayer of adsorbed water can form at mineral interfaces, and Mautner et al. (1997) showed that a thin layer of water enriched in mineral components and organic material formed on surfaces within the Murchison meteorite. These types of processes may account for sufficient nutrient supply and circulation within and throughout the meteorites. Furthermore, Sterflinger (1995) developed a model for fungal penetration of rocks, where, after initial attachment to the rock surface, thin penetration hyphae intrude into the rock along crystallographic weaknesses such as grain boundaries or discontinuities between crystals. Once the penetration hyphae found internal hollows rich in organic material, they swell and begin to grow new fungal colonies (Sterflinger, 2000) . Although no fungus was definitively identified, this could serve as a model explanation for the small size of some of the filaments protruding from fissures shown in Figs. 2g, 3 , and 4.
4-YEAR CONTAMINATION STUDY OF NAKHLA
Polycyclic aromatic hydrocarbons, amino acids, and aliphatic hydrocarbons have been detected in Nakhla (Flynn et al., 1999; Glavin et al., 1999) . Fungi and bacteria are able to metabolize very diverse hydrocarbons, including aliphatic, aromatic, and polycyclic aromatic hydrocarbons (Parkinson et al., 1989; Simmons et al., 1997; Sterflinger, 2000) . It is, hence, conceivable that microorganisms could indeed maintain metabolic activities on materials such as those present in Nakhla. It also illustrates that heterotrophic organisms could respire and exist within martian materials, perhaps gaining carbon and nitrogen from the abiotically formed organic carbon within the rock matrix (Zolotov and Shock, 1999) .
To what extent the observed organisms represent a suitable source for the fraction of organic matter in Nakhla previously ascribed to terrestrial contamination (Wright et al., 1998; Flynn et al., 1999) remains unclear, but it is conceivable that they could influence any organic analysis. Considering the abundance of partly live microorganisms throughout Nakhla, the detection of biologically derived amino acids in this meteorite (Glavin et al., 1999) is not surprising. It is important to note that heterotrophic organisms would adapt very similar carbon isotope ratios to the organic matter they are metabolizing. Investigations using carbon isotopes to argue for indigenousness of organic compounds to the meteorite host should carefully consider this aspect (Steele et al., 2000b) . Organic contaminants may also be introduced from the atmosphere, vacuum pumps of the analytical systems, and plastic storage containers (Toporski, 2001) , which could then serve as possible carbon source for these organisms.
Some of the cell morphologies represent features characteristic of the microbial genus Hyphomicrobium (Fig. 4) . A definitive identification, however, can only be ascertained if DNA were extracted from these samples and amplified by polymerase chain reaction, followed by DNA sequencing. Although important, this analysis is extremely difficult on these samples, given the limited available resources (i.e., number of organisms and thus amount of extractable DNA present). Regardless of the exact identity of the organisms, this study of Nakhla demonstrates that meteorites can be microbiologically dynamic systems. They are prone to biological contamination, even after they have been removed from the natural environments into which they fell, and it is evident that some microorganisms are capable of thriving under the given storage and periodic analysis conditions. Adding a temporal variable to the analysis of such samples, in addition to structural and compositional analysis and epifluorescence microscopy, provides insights into the dynamics of the observed features and aids in the identification of the observed structures as microbial life. The results suggest that it is important to take painstaking precautions during curation, transport, and storage to ensure that samples remain unaffected by such handling processes after arrival on Earth. This experience prompted advanced systematic studies directed toward monitoring Antarctic meteorite contamination from the moment of their discovery to better characterize contamination pathways (Fries et al., 2005) . Also, the possibility that nonterrestrial microbiota may be present and viable in samples returned from missions beyond the confines of Earth has implications for planetary protection. In the event, for example, that samples returned from Mars contain such hardy organisms, it will be important to ensure that, in laboratories on Earth, these organisms can be detected and steps are taken to ensure that laboratory facilities, and the Earth itself, are not contaminated by unknown and uncharacterized organisms. 
ABBREVIATIONS
AO, acridine orange; DAPI, 4Ј,6-diamidino-2-phenylindole; EDX, energy-dispersive X-ray; SEM, scanning electron microscopy; ToF-SIMS, time of flight-secondary ion mass spectrometry.
